It is clear that interactions occur between the immune, endocrine, central, and autonomic nervous systems. Immunological manipulations (or products of an activated immune system, e.g., cytokines) may affect neuroendocrine and central neurotransmitter processes, and conversely, neuroendocrine and central neurotransmitter alterations may impact on immune activity (Blalock 1994; Dunn 1990; Rivier 1993; Rothwell et al. 1997) . It has been posited that, among other things, the immune system acts like a sensory organ informing the brain of antigenic challenge (Blalock 1994) and that immune activation may be interpreted by the CNS as a stressor Dunn 1990) . Further, cytokines may be part of a regulatory loop that, by virtue of effects on CNS functioning, might influence behavioral outputs and may even contribute to the symptoms of behavioral pathologies, including mood and anxietyrelated disorders . Indeed, in humans, depression was associated with variations of plasma cytokines, including interleukin-1 ␤ (IL-1 ␤ ), IL-1 receptor antagonist (IL-1Ra), IL-2, soluble IL-2 receptors, IL-6, and soluble IL-6 receptors Maes 1995; Maes et al. 1995; Muller and Ackenheil 1998) .
It is clear that interactions occur between the immune, endocrine, central, and autonomic nervous systems. Immunological manipulations (or products of an activated immune system, e.g., cytokines) may affect neuroendocrine and central neurotransmitter processes, and conversely, neuroendocrine and central neurotransmitter alterations may impact on immune activity (Blalock 1994; Dunn 1990; Rivier 1993; Rothwell et al. 1997) . It has been posited that, among other things, the immune system acts like a sensory organ informing the brain of antigenic challenge (Blalock 1994) and that immune activation may be interpreted by the CNS as a stressor Dunn 1990 ). Further, cytokines may be part of a regulatory loop that, by virtue of effects on CNS functioning, might influence behavioral outputs and may even contribute to the symptoms of behavioral pathologies, including mood and anxietyrelated disorders . Indeed, in humans, depression was associated with variations of plasma cytokines, including interleukin-1 ␤ (IL-1 ␤ ), IL-1 receptor antagonist (IL-1Ra), IL-2, soluble IL-2 receptors, IL-6, and soluble IL-6 receptors Maes 1995; Maes et al. 1995; Muller and Ackenheil 1998) .
Cytokines and bacterial endotoxins, such as lipopolysaccharide (LPS), induce a constellation of apparently adaptive behavioral changes, collectively referred to as "sickness behaviors" . For instance, these agents induce fever, reduce social exploration, sexual behaviors, and food consumption (Bluthe et al. 1992; Johnson et al. 1996; Plata-Salaman 1988; Plata-Salaman et al. 1988; O'Reilly et al. 1987) . In addition, endotoxins may induce anxiogenic-like effects ) and disrupt responding for rewarding brain stimulation (Borowski et al. 1998) , possibly reflecting anhedonic effects elicited by the immune challenge. The behavioral effects of endotoxin and cytokine treatment are paralleled by increased hypothalamic-pituitary-adrenal (HPA) activity, as reflected by increased activity of corticotropin releasing hormone (CRH) and elevated plasma ACTH and corticosterone levels (Kakucksa et al. 1993; Tilders et al. 1993) . Inasmuch as cytokines elicit several effects similar to those of LPS, it has been assumed that at least some of the endotoxin effects involve IL-1 ␤ , or this cytokine acting conjointly or synergistically with IL-6 and/or TNF-␣ (Dunn 1992a; Ebisui et al. 1994; Long et al. 1990; Zanetti et al., 1992; Zhou et al. 1996) . Indeed, IL-1 ␤ and IL-6 synergistically increased plasma corticosterone (Zhou et al. 1996) and ACTH (Matta et al. 1992; Perlstein et al. 1991) , whereas IL-1 ␤ and TNF-␣ synergistically stimulated IL-11 through the production of prostaglandin-E2 in rheumatoid synovial fibroblasts (Mino et al. 1998) . As well, IL-1 ␤ and TNF-␣ synergistically reduced blood glucose levels (Vogel et al. 1991) , social exploration (Bluthe et al. 1994) , and food intake Sonti et al. 1996; Yang et al. 1994) , and increased the levels of inducible nitric oxide synthase (Kuemmerle 1998) .
In addition to their peripheral actions, IL-1 ␤ , IL-6, and TNF-␣ exert numerous central neurochemical effects. In this respect, IL-1 ␤ increases NE turnover in the PVN, as well as other hypothalamic nuclei (Dunn 1992b; Palazzolo and Quadri, 1992; Shintani et al. 1995) . Likewise, IL-1 ␤ increases the accumulation of the serotonin metabolite 5-HIAA in the hypothalamus (Dunn 1992b) as well as prefrontal cortex and hippocampus (Zalcman et al. 1994) , and may alter hypothalamic DA utilization (Masana et al. 1990; Palazzolo and Quadri 1992; Shintani et al. 1993) . Furthermore, IL-1 ␤ increased in vivo hippocampal serotonergic functioning (Merali et al. 1997; Song et al. 1999) , and that of hypothalamic NE, 5-HT, and DA release (Shintani et al. 1995) . While considerably less attention has focused on IL-6 and TNF-␣ , these cytokines have been shown to alter central monoamine levels, albeit to a lesser degree than that observed after IL-1 ␤ treatment (Mefford et al. 1991; Zalcman et al. 1994) .
In addition to their individual effects, it is conceivable that IL-1 ␤ , IL-6, and TNF-␣ may synergistically provoke central neurochemical changes, and may thus also impact on behaviors associated with particular transmitter alterations. Indeed, IL-1 ␤ was found to act synergistically with a mild stressor to increase monoamine variations within the prefrontal cortex, nucleus accumbens and dorsal hippocampus (Merali et al. 1997) . Moreover IL-1 ␤ plus TNF-␣ acted synergistically to influence neurotoxicity in mixed neuronal/glial cell cultures containing IFN ␥ (Jeohn et al. 1998 ) , to stimulate mitogen-activated protein kinase (Lu et al. 1997) , and along with IL-6 to provoke TNF-␣ mRNA expression in rat C6 glioma cells (Gayle et al. 1998) . However, unlike these effects, to our knowledge, no such synergisms have been reported with respect to central monoamine functioning. The present investigation evaluated the individual and synergistic effects of IL-1 ␤ , IL-6, and TNF-␣ on an index of illness behavior (consumption of a highly preferred food substance, i.e., chocolate milk), plasma corticosterone, and central monoamine levels and turnover.
Procedure. In order to avoid confounding effects related to the stress of food deprivation, in the present investigation sickness was evaluated by assessing consumption of a highly preferred food substance. Prior to cytokine administration, mice were given free access to chocolate milk for one hour each day during the light phase (1000-1100 hrs). Bottles were weighed at the beginning and end of the session in order to determine consumption. Following the establishment of a steady rate of drinking (three consecutive days over which consumption varied by less than 10%), mice received an acute i.p. injection of either IL-1 ␤ , IL-6, or TNF-␣ (at one of several doses) or vehicle (pyrogen-free sterile saline) in three independent experiments. Consumption was measured beginning 45 min (in the case of IL-1 ␤ and IL-6) or 30 min (in the case of TNF-␣ ) following injection. Recovery data was collected 24 hr following cytokine administration.
Recombinant human IL-1 ␤ was kindly provided by Dr. Craig Reynolds (Biological Response Modifiers Program; National Cancer Institute, Frederick, MD, USA. Produced by E.I. Dupont De Nemours; specific activity ϭ 1.81 ϫ 10 4 U/ g). Recombinant human TNF-␣ (specific activity ϭ 1.1 ϫ 10 5 U/ g) and IL-6 (specific activity ϭ 7.0 ϫ 10 3 U/ g) were obtained from R&D Systems. All drugs were suspended in pyrogen-free, phosphate buffered sterile saline (0.9%). IL-1 ␤ was administered in a single dose of either 0.025, 0.05, 0.1, 0.4, or 0.8 g ( n ϭ 10 per group) in a volume of 0.4 ml. IL-6 was administered in a single dose of 0.1, 0.2, 0.8, or 1.6 g ( n ϭ 10 per group), whereas TNF-␣ was administered in a single dose of 1, 2, or 4 g ( n ϭ 10 per group). Vehicle animals ( n ϭ 10 per group) in each experiment were injected i.p. with 0.4 ml pyrogen-free sterile saline.
Plasma Corticosterone Assay. In a parallel experiment mice received i.p. administration of either IL-1 ␤ (0.025, 0.05, or 0.1 g), IL-6 (0.2 or 0.8 g), TNF-␣ (1, 2 or 4 g), or their respective vehicles, as described in the behavioral study ( n ϭ 10 per group). Mice were decapitated 60 min afterward and trunk blood was collected in tubes containing 10 l EDTA. The blood was centrifuged at 3500 rpm for 15 min, and the plasma frozen and stored at Ϫ 80 Њ C. The plasma corticosterone concentrations were determined, in duplicate, by radioimmunoassay using kits obtained from ICN Biomedicals, Inc. These assays were found to yield less than 10% intraand interassay variability.
Brain Dissection Technique. Brains were rapidly removed and frozen in isopentane and stored at Ϫ 80 Њ C until processing. The dissection of the brain was conducted in a cold chamber, with the brain resting on a stage containing dry ice. The brain was placed on a stainless steel dissecting block and razor blades were sequentially slid into adjacent slots (spaced approximately 0.5 mm apart) sectioning the brain into a series of coronal sections. Sections were mounted on glass slides and discrete nuclei were removed by micropunch using a hollow 16 or 20 gauge needle with a bevelled tip, following the mouse brain atlas of Franklin and Paxinos (1997) . Tissue samples, which included the PVN, locus coeruleus, central amygdala, dorsal hippocampus, medial prefrontal cortex, and nucleus accumbens were stored at Ϫ 80 Њ C for subsequent HPLC determination of the monoamines and their metabolites.
HPLC Procedure for Analysis of Brain Amine Levels. Levels of DA, NE, and 5-HT and their respective metabolites MHPG, DOPAC, and 5-HIAA were determined by HPLC using a modification of the method of Seegal et al. (1986) . Tissue punches were sonicated in a homogenizing solution comprised of 14.17g monochloracetic acid, 0.0186 g disodium EDTA, 5.0 ml methanol, and 500 ml H 2 0. Using a waters M-6000 pump, guard column, radial compression column (5 , C 18 reverse phase, 8 mm ϫ 10 cm), and a three cell coulometric electrochemical detector (ESA Model 5100 A), 20 l of the supernatant was passed through the system at a flow rate of 1.5 ml/min (1400-1600 PSI). The mobile phase used for the separation was a modification of that used by Chiueh et al. (1983) . Each liter consisted of 1.3 g of heptane sulfonic acid, 0.1 g disodium EDTA, 6.5 ml triethylamine, and 35 ml acetonitrile. The mobile phase was then filtered (0.22 m filter paper) and degassed following which the pH was adjusted to 2.5 with phosphoric acid. The area and height of the peaks was determined using a Hewlett-Packard integrator. The protein content of each sample was determined using bichinchoninic acid with a protein analysis kit (Pierce Scientific, Brockville, Ontario, Canada) and a spectrophotometer (Brinkman; PC800 colorimeter).
Statistical Analysis
Plasma corticosterone and monoamine and metabolite concentrations for each of the cytokine treatments were analyzed by one-way analyses of variance, followed by Newman-Keuls multiple comparisons (␣ ϭ 0.05). The chocolate milk consumption on the day prior to cytokine treatment, immediately after, and again 24 h following cytokine administration, was analyzed by repeated measures analysis of variance.
EXPERIMENTS 4-6
Synergistic Effects of IL-1␤, IL-6, and TNF-␣ As indicated earlier, there is reason to expect that the pro-inflammatory cytokines may have synergistic effects with respect to behavioral and hormonal variations. Using sub-optimal doses of the cytokines based on the preceding studies, Experiments 4-6 assessed the synergistic effect of co-administration of IL-1␤ and IL-6, IL-1␤ and TNF-␣, and IL-6 and TNF-␣ on consumption of the palatable chocolate milk solution. Parallel experiments assessed the effects of these treatments on plasma corticosterone levels, central monoamine levels and turnover.
Experimental Procedure. A total of 40 experimentally naive, male, CD-1 mice were used in each of the Experiments 4-6. The subject characteristics and the housing conditions were identical to those described in the preceding studies. In 3 independent studies, mice were as-signed to four conditions wherein they received two successive i.p. injections, in a total volume of 0.4 ml. Thus, in each experiment mice received either a single cytokine treatment, two cytokine treatments or only saline treatment. The IL-1␤ was administered in a dose of 0.025 g, IL-6 in a dose of 0.1 g, and TNF-␣ in a dose of 1.0 g. Behavioral testing, as described in the preceding experiments, was conducted 1 hour following drug treatment.
RESULTS

Experiments 1-3
Variations of Consumption of Palatable Diet. The administration of both IL-1␤ and TNF-␣ reduced consumption of chocolate milk (see Figures 1a and 1b The multiple comparisons confirmed that the 0.05, 0.1, 0.2, and 0.8 g doses of IL-1␤ reduced consumption of chocolate milk relative to baseline levels and relative to that of saline treated mice. Likewise, TNF-␣ reduced consumption of the chocolate milk relative to saline-treated mice, but this difference only reached statistical significance at the 4.0 g dose. Consumption in all animals tested returned to baseline levels 24 hr following treatment. Among vehicle treated mice consumption did not vary over the sampling periods.
In contrast to the effects of IL-1␤ and TNF-␣, systemic administration of IL-6 did not significantly affect consumption (see Figure 1c) . Although a small decrease of chocolate milk intake was seen at the 0.1 or 0.2 g doses, this decrease did not approach statistical significance. Indeed, at the higher doses tested (0.8 g and 1.6 g), a modest increase of consumption was detected relative to baseline levels.
Corticosterone Variations. When administered 1 hr prior to testing, IL-1␤ and TNF-␣ dose-dependently influenced plasma corticosterone levels [F(3,36) ϭ 10.30, p Ͻ .01 and F(3,76) ϭ 12.88, p Ͻ .01, respectively] (see Table 1 ). The multiple comparisons indicated that in mice treated with 0.05 and 0.1 g of IL-1␤, corticosterone levels were significantly increased relative to saline-treated animals. Treatment with 0.025 g of IL-1␤ produced a more modest, but non-significant increase in plasma corticosterone levels relative to saline-treated mice. Likewise, plasma corticosterone levels in mice treated with 4 g of TNF-␣ were significantly increased when compared to mice treated with saline. The effects of the lower two doses did not differ from one other. In contrast, to the effects of IL-1␤ and TNF-␣, plasma corticosterone levels were not affected by the IL-6 treatment. For each cytokine, mice received various doses or saline and consumption of milk was measured over a 1 hr period commencing 30 (for TNF-␣) or 45 minutes (for IL-1 and IL-6) afterward. Baseline scores denote average consumption over the three days immediately preceding cytokine administration; recovery represents consumption 24 hr after the cytokine test. Post hoc comparisons revealed elevated MHPG levels within the PVN at the 0.05 g dose, in the locus coeruleus in response to 0.025 g dose, and in the central amygdala after the 0.1 g dose (see Figure 2 ). The levels of NE in these brain regions were not affected by the cytokine treatment. Within the central amygdala NE levels in response to the 0.025 and 0.1 g doses of IL-1␤ (x Ϯ SEM ϭ 21.77 Ϯ 3.80 and 24.12 Ϯ 4.40 ng/mg protein, respectively) were modestly reduced relative to vehicle treated mice (x Ϯ SEM ϭ 31.81 Ϯ 2.54 ng/mg), but this effect was variable and not statistically significant.
Central Monoamine
In addition to the increased NE turnover, IL-1␤ altered the concentrations of 5-HT [F(3,36) ϭ 6.51, p Ͻ .01] and its metabolite, 5-HIAA [F(3,32) ϭ 5.72, p Ͻ .01] within the PVN. The multiple comparisons revealed that the high (0.1 g) IL-1␤ dose increased both 5-HT and 5-HIAA levels within this site (see Figure 3 ). Additionally, in response to IL-1␤ treatment 5-HIAA accumulation was altered within the central amygdala [F(3,33 ) ϭ 3.73, p Ͻ .05], and both 5-HT and 5-HIAA accumulation was altered in the prefrontal cortex [F(3,33) ϭ 4.175; 5.40, p Ͻ .01, respectively]. Multiple comparisons revealed that the 0.05 and 0.1 g doses increased the accumulation of metabolite within the central amygdala. Within the medial prefrontal cortex, an elevation of 5-HT was evident in response to the lowest dose of IL-1␤ (0.025 g), whereas all three doses of IL-1␤ effectively elevated the metabolite levels (see Figure 3 ). Levels of DA and the metabolite, DOPAC, were also affected by the IL-1␤ treatment within the prefrontal cortex [Fs (3,32 and 3,33) ϭ 7.84, 3.74, p Ͻ .05, respectively] . Post-hoc comparisons determined that, relative to vehicle-treated animals, increased amine and metabolite levels were evident at the 0.025 g dose for DA (x Ϯ SEM ϭ 4.64 Ϯ 0.68 vs. 9.7 Ϯ 1.2 ng/mg protein, respectively) and at the 0.025 and 0.05 g doses for DOPAC (x Ϯ SEM ϭ 3.25 Ϯ 0.31 vs. 5.33 Ϯ 0.44 and 5.28 Ϯ 0.96 ng/mg protein, respectively). Unlike in the prefrontal cortex, the administration of IL-1␤ affected neither DA nor DOPAC within the nucleus accumbens.
Treatment with TNF-␣ elicited region-and neurotransmitter-specific amine variations. In particular, levels of NE were not affected by the cytokine in the PVN, central amygdala, or prefrontal cortex, but were significantly reduced in the locus coeruleus [F(3,33) Few neurochemical effects were observed in response to systemic IL-6 treatment, although the cytokine was found to alter 5-HT [F(2,16) ϭ 4.61, p Ͻ .05] and DA [F(2,19) ϭ 6.33, p Ͻ .01] concentrations within the central amygdala. Multiple comparisons revealed that while 5-HT levels were raised in a dose-dependent fashion (vehicle ϭ 5.37 Ϯ 0.85, 1.0 g ϭ 7.52 Ϯ 0.46, 0.8 g ϭ 13.07 Ϯ 3.20 ng/mg protein), only the 0.1 g IL-6 dose effectively increased amygdaloid DA levels (vehicle ϭ 16.5 Ϯ 2.1, 0.1 g ϭ 29.65 Ϯ 3.3 ng/mg protein). In contrast to the parent amines, neither 5-HIAA nor DOPAC was affected by the cytokine treatment.
Experiments 4-6
Variations in Consumption of a Palatable Diet. Figure  4a shows the chocolate milk consumption as a function of the IL-1␤ and IL-6 treatments. The analysis of variance revealed a significant effect of the IL-1␤ ϫ Sampling period interaction [F(2,72) ϭ 8.257, p Ͻ .01]. Newman-Keuls multiple comparisons of the simple effects that comprised the interaction indicated that on Test day there was a modest, but significant, reduction (␣ ϭ 0.05) in the amount of milk consumed by mice treated with 0.025 g IL-1␤ ϩ Vehicle, followed by an increase to baseline levels 24 hrs later. There was no reduction of consumption among vehicle treated animals. Furthermore, neither the main effect of IL-6, nor the interactions involving this variable approached significance.
There is reason to believe that the synergistic effects of IL-1␤ and IL-6 on HPA activity may be dependent on the timing of cytokine administration. The possibility thus also existed that synergism with respect to illness might be dependent on such a factor. Accordingly, two experiments assessed the conjoint effects of IL-1␤ and IL-6 under conditions wherein animals were tested 30 min after cytokine administration, or where the IL-1␤ treatment preceded that of IL-6. In the first of these studies, the procedure was identical to the preceding experiment (n ϭ 8/group) except that testing began 30 min after cytokine co-administration. In the second experiment mice received two injections 30 min apart, and testing was conducted 1 hr after the second injection. Thus, mice received IL-1␤ (0.025 g) followed by vehicle, or IL-1␤ followed by IL-6 (0.1 g).
The analyses revealed that neither of these manipulations culminated in synergy between cytokine treatments. When testing commenced 30 min after their coadministration, consumption among the groups did not differ from one another or from baseline. On Test day, IL-1␤ provoked consumption (x Ϯ SEM ϭ 3.07 Ϯ 0.78 ml) that was moderately reduced relative to baseline (x Ϯ SEM ϭ 3.46 Ϯ 0.31), to vehicle-treated mice (x Ϯ Figure 4 . Mean (ϮSEM) consumption of chocolate milk among mice that received two systemic injections comprising two cytokines, a single cytokine, or no cytokine treatment. The top panel depicts the individual and combined effects of 0.025 g IL-1 ϩ 0.1 g IL-6. The middle panel shows the individual and combined actions of 0.1 g IL-6 ϩ 1 g TNF-␣, whereas the lower panel shows the actions of 0.025 g IL-1 ϩ 1 g TNF-␣ (n ϭ 10/group). Consumption was measured over a 1 hr period commencing 1 hr following cytokine co-administration. Baseline scores denote average consumption over the three days immediately preceding cytokine administration; recovery represents consumption 24 hr after the cytokine test. SEM ϭ 3.55 Ϯ 0.51), and mice that received IL-6 alone (x Ϯ SEM ϭ 3.25 Ϯ 0.25). The combination of IL-1 ϩ IL-6 (x Ϯ SEM ϭ 3.18 Ϯ 0.31) did not enhance the effects of IL-1␤ alone. Similarly, when IL-1␤ preceded IL-6 treatment by 30 min, the consumption (x Ϯ SEM ϭ 2.88 Ϯ 0.37) was no different from that of animals that received IL-1␤ in the absence of any other treatment (x Ϯ SEM ϭ 2.96 Ϯ 0.45). In neither case was consumption different from that seen at baseline.
The combination of IL-6 (0.1 g) ϩ TNF-␣ (1 g) did not act synergistically to reduce chocolate milk consumption (see Figure 4b) . The ANOVA revealed a significant TNF-␣ ϫ Sampling period interaction [F(2,72) ϭ 5.807, p Ͻ .01], and multiple comparisons indicated that on Test day, injection of TNF-␣ reduced chocolate milk consumption relative to vehicle treated mice, but not in comparison to baseline consumption. Treatment with IL-6 did not influence consumption, and likewise the interaction between TNF-␣ and IL-6 was not significant.
In contrast to the aforementioned cytokine combinations, consumption was found to vary as a function of the IL-1␤ ϫ TNF-␣ ϫ Sampling period interaction [F(2,72) ϭ 5.175, p Ͻ .01]. Multiple comparisons of the simple effects comprising this interaction confirmed that among vehicle treated animals consumption was stable over sampling periods. The low doses of IL-1␤ and TNF-␣ did not provoke statistically significant changes of consumption. However, the combination of these treatments markedly reduced consumption of chocolate milk relative to baseline scores, as well as in comparison with that of animals that received only one of the cytokines (see Figure 4c) . Regardless of the treatment mice received, the consumption exhibited 24 hr afterward was comparable to the baseline scores. In effect, it appears that IL-1␤ ϩ TNF-␣ elicited synergistic effects with respect to consumption of the palatable substance. It will be noted that at low doses the effects of both IL-1␤ and TNF-␣ were variable, as observed with respect to plasma corticosterone concentrations (see corticosterone results), likely reflecting that these doses were just at the threshold to elicit behavioral and neuroendocrine alterations. However, the combination of the treatments yielded more robust and less variable effects.
Corticosterone Variations. Administration of IL-1␤ increased plasma corticosterone concentrations [F(1,36) ϭ 39.82, p Ͻ .01], whereas neither the main effect nor the interaction involving IL-6 approached statistical significance (see Figure 5a) . Likewise, TNF-␣ increased plasma corticosterone levels [F(1, 36) ϭ 19.79, p Ͻ .01], and this effect was not enhanced by IL-6 co-administration (see Figure 5b ). In contrast, as observed in the behavioral study, the co-administration of IL-1␤ (0.025 g) and TNF-␣ (1.0 g) synergistically increased plasma corticosterone levels (see Figure 5c) . Specifically, the analysis of variance revealed a significant IL-1␤ ϫ TNF-␣ interaction [F(1, 36) ϭ 4.01, p Ͻ .01], and multiple comparisons indicated that the separate administration of either IL-1␤ or TNF-␣ was not sufficient to significantly in- crease levels of corticosterone relative to vehicle-treated animals. However, when administered jointly, the increase of corticosterone levels was greater than the additive effects of the two treatments given alone.
It should be underscored, however, that in evaluating the combined effects of IL-1␤ and IL-6, the plasma corticosterone levels elicited by the IL-1␤ treatment alone were considerably higher than was observed in either the dose response study (Experiment 1) or the study evaluating the effects of IL-1␤ ϩ TNF-␣ (Experiment 6). The relatively high level of plasma corticosterone observed in this particular study was surprising, as this dose of IL-1␤ ordinarily provoked plasma corticosterone concentrations in the 10-15 g/dl range (see Experiment 1, and ensuing experiment). As indicated earlier, the 0.025 g dose of IL-1␤ elicited effects that were just at threshold (see Experiment 1) and thus may have been subject to greater variability.
As indicated earlier, since IL-1␤ and IL-6 may synergistically influence HPA activity, depending on the timing of their administration (Perlstein et al. 1991; Zhou et al. 1996) , an additional experiment assessed whether these cytokines would synergistically influence plasma corticosterone when blood was taken 30 min after treatment. The procedure was identical to that of the preceding study, except that mice were decapitated 30 min after administration of either vehicle (two successive i.p. injections), IL-1␤ (0.025 g) plus vehicle, IL-6 (0.1 g) plus vehicle, or IL-1␤ (0.025 g) plus IL-6 (0.1 g). The analysis of variance indicated that treatment with IL-1␤ increased corticosterone levels [F(1,28) ϭ 8.30 p Ͻ .01]. Neither IL-6 nor the interaction between IL-1␤ and IL-6 approached statistical significance (vehicle ϭ 5.57 Ϯ 1.15; IL-1␤ ϭ 13.24 Ϯ 2.57; IL-6 ϭ 7.02 Ϯ 1.90; IL-1␤ ϩ IL-6 ϭ 13.95 Ϯ 3.75).
Central Monoamine Variations.
Unlike the synergistic effects observed with respect to behavioral and neuroendocrine variations, within the range of doses used, the cytokine combinations did not synergistically influence monoamine levels or turnover, and may even have provoked antagonistic effects. It will be recalled that the doses selected were relatively small and the cytokines generally induced limited effects on amine levels and turnover. Thus, from the outset it must be underscored that the absence of any synergy may be unique to the limited range of doses employed in this investigation.
In contrast to the monoamine alterations observed within the PVN following relatively high cytokine doses, neither NE nor MHPG was affected by the low doses of IL-1␤, IL-6, or TNF-␣ administered alone or in combination. In Experiment 4, which assessed the independent and conjoint actions of IL-1␤ and IL-6, the level of 5-HT was reduced somewhat in animals that received IL-1␤ treatment alone (x Ϯ SEM ϭ 7.67 Ϯ 1.66) relative to saline treated animals (x Ϯ SEM ϭ 15.33 Ϯ 3.01). However, the treatment effects were variable and did not reach statistical significance. In the case of 5-HIAA, IL-1␤ was again found to provoke a modest but non-significant elevation of the metabolite concentration.
Analysis of the combined action of IL-6 and TNF-␣ revealed that 5-HT levels within the PVN declined in response to TNF-␣ administration [F(1,27) ϭ 8.89 p Ͻ .01] (x Ϯ SEM ϭ 11.80 Ϯ 1.04 and 7.98 Ϯ 0.64, for vehicle and TNF-␣ treated mice, respectively). It was further observed that TNF-␣ increased the levels of 5-HIAA, but this effect did not reach statistical significance. In response to the IL-1␤ and TNF-␣ treatments (Experiment 6), the analysis revealed that within the PVN, the level of 5-HT varied as a function of the interaction between the cytokine treatments [F(1,31) ϭ 4.95, p Ͻ .05]. Multiple comparisons confirmed that IL-1␤ provoked a reduction of 5-HT, which was attenuated in animals that received the combination of IL-1␤ and TNF-␣.
The accumulation of 5-HIAA was not influenced significantly by IL-1␤ administration, whereas a main effect of the TNF-␣ treatment was observed with respect to the metabolite levels [F(1,32) ϭ 6.28, p Ͻ .05] (see Table 2). A significant interaction between these treatments was not apparent with respect to 5-HIAA accumulation. However, it will be noted that while the elevation of 5-HIAA elicited by TNF-␣ alone did not reach statistical significance, the combination of IL-1␤ ϩ TNF-␣ elicited 5-HIAA levels that exceeded those of the vehicle treated animals, although not those of mice that received the TNF-␣ alone.
In Experiment 4 (IL-1␤ ϩ IL-6), the levels of NE and MHPG within the locus coeruleus did not vary significantly as a function of the cytokine treatments, although as shown in Table 3 , IL-1␤ alone produced a modest increase of MHPG, coupled with a marginal decline of NE concentrations (p Ͻ .1). The analysis of the amine and metabolite levels in Experiment 5 (IL-6 ϩ TNF-␣) indicated that treatment with TNF-␣ alone significantly increased locus coeruleus MHPG [F(1,33) ϭ 13.41, p Ͻ .01], whereas NE levels were unaffected. In contrast, IL-6 was uniformly without effect. Finally, in Experiment 6 (IL-1␤ ϩ TNF-␣), the 0.025 g dose of IL-1␤ significantly elevated MHPG levels in the locus coeruleus [F(1,34) ϭ 9.54, p Ͻ .01], whereas the effect of TNF-␣ was not statistically significant. Mice that received both IL-1␤ ϩ TNF-␣ exhibited MHPG levels that exceeded that of vehicle treated animals; however, MHPG was not synergistically affected in response to the combination of the cytokine treatments (see Table 3 ).
The effect of the cytokines on NE activity within the central amygdala was relatively marked. While the coadministration of IL-1␤ ϩ IL-6 did not influence NE levels within the central amygdala, a significant interaction between these cytokines was observed with respect to MHPG accumulation [F(1,34) ϭ 4.65, p Ͻ .05]. Analysis of the simple effects comprising the interaction showed that IL-1␤ increased levels of the metabolite, whereas IL-6 was without effect. Curiously, the effects of the IL-1␤ treatment were attenuated in mice that had also received IL-6 administration. Analysis of the conjoint action of IL-1␤ and TNF-␣ indicated that within this region MHPG levels varied as a function of the IL-1␤ ϫ TNF-␣ interaction [F(1,33) ϭ 7.53, p Ͻ .05]. Analysis of the simple effects comprising the interaction revealed that both IL-1␤ and TNF-␣ administered individually increased MHPG levels. However, a further increase of MHPG was not elicited by the cytokine co-administration (see Table 4 ).
The 5-HIAA accumulation within the central amygdala in the experiments assessing the synergistic actions of the cytokines was found to be unusually variable, and hence must be interpreted cautiously. Although IL-1␤ and IL-6 both produced almost two-fold increases of 5-HIAA accumulation, these effects were nonetheless nonsignificant (see Table 4 ). In the experiment where IL-6 was administered in combination with TNF-␣, the IL-6 alone was found to increase levels of 5-HIAA [F(1,25) ϭ 4.557 p Ͻ .05] (vehicle ϭ 9.27 Ϯ 1.73, and 0.1 g ϭ 13.71 Ϯ 2.34 ng/mg protein), but this effect was not modified by the addition of TNF-␣ (16.48 Ϯ 4.08 ng/mg protein). Furthermore TNF-␣ did not interact with IL-6 to alter monoamine levels or turnover in any of the other brain regions investigated. Finally, in assessing the effects of IL-1␤ ϩ TNF-␣, it was observed that although IL-1␤ elicited a modest elevation of 5-HIAA accumulation, this effect did not approach statistical significance, and was not further enhanced by co-administration of TNF-␣.
DISCUSSION
Behavioral and Neuroendocrine Variations
It will be recalled that cytokines may engender a sickness profile , as well as neuroendocrine and central neurotransmitter changes reminiscent of those elicited by stressors Dunn 1988 Dunn , 1990 . In fact, the possibility has been considered that immunological challenges and the presence of elevated circulating cytokine levels might be interpreted as a stressor Dunn 1988) . In accordance with the reports that cytokines may elicit sickness , systemically administered IL-1␤ and TNF-␣ suppressed the consumption of a highly palatable substance, possibly reflecting either an anorexic or an anhedonic response to cytokine administration. In contrast, IL-6 appeared to be without effect in this respect. The effects of IL-1␤ and TNF-␣ tended to be pronounced at the higher doses, but were relatively variable at the lower doses. Across experiments, for instance, the lowest dose of IL-1␤ (0.025 g) generally did not influence consumption, although a relatively modest but statistically significant reduction of consumption was apparent in the experiment assessing the combined effects of IL-1␤ and IL-6. Commensurate with earlier reports, both IL-1␤ and TNF-␣ increased plasma corticosterone concentrations, whereas IL-6 did not elicit such an outcome (Connor et al. 1998; Zalcman et al. 1994) . At the 0.05 g dose of IL-1␤, the level of plasma corticosterone was elevated Lacosta et al. 1998 ), whereas at the 0.025 g dose, the observed effects, as in the case of the consumption studies, were more variable across experiments. Likewise, while the 1.0 g dose of TNF-␣ was uniformly without effect on plasma corticosterone levels, at this low dose significant elevations of the hormone have been observed Hayley et al. 1999) . It is important to recognize, however, that in the experiments assessing the synergistic effects of the cytokines, the doses used were near threshold for HPA activation, and hence the corticosterone response may have been subject to greater variability across experiments.
In assessing the potential synergistic effects of the cytokines, only a single dose of each cytokine was used based on the results of the initial studies that evaluated the dose-dependent effects of the treatments. However, as indicated by Berenbaum (1989) , analysis of synergy may require multiple doses in order to assess shifts of the dose response curve. This is particularly the case with respect to cytokines, as their neurochemical actions are not necessarily linear and may be biphasic (Alonso et al. 1993; Lapchak 1992) . Coupled with the fact that the cytokine doses used in the present investigation were at near-threshold levels, the results of the present investigation need to be considered cautiously, and the conclusions drawn are provisional. With respect to consumption of a favored food substance, it appeared that IL-6 did not enhance the effects of either IL-1␤ or TNF-␣. In contrast, the co-administration of behaviorally sub-effective doses of IL-1␤ and TNF-␣ appeared to synergistically influence consumption, as previously observed with respect to feeding patterns Van der Meer et al. 1995; Yang et al. 1994) .
Paralleling the behavioral effects, co-administration of IL-1␤ and TNF-␣ appeared to synergistically increase plasma corticosterone concentrations, whereas IL-6 did not augment the action of either these cytokines. While IL-1␤ and IL-6 synergistically influenced ACTH and corticosterone, depending on the timing of their administration (Perlstein et al. 1991; Zhou et al. 1996) , such an outcome was not apparent in the present investigation. Moreover, in independent experiments there was no evidence of a synergism irrespective of whether blood was collected 30 min or 1 hr after treatment. Nevertheless, given that the effects of IL-1␤ on HPA activation may be augmented by IL-6 in a time-dependent fashion (Wang and Dunn 1999) , the possibility cannot be excluded that a synergism would have appeared had other doses or time frames been assessed.
It is important to underscore that the present investigation involved administration recombinant human cytokines, rather than murine cytokines. Human and murine TNF-␣ (hTNF-␣ and mTNF-␣) have functionally different effects in mice, as the latter excite both the p55 and the p75 receptors, whereas the former excites only the p55 receptor. It has been suggested that the differential effects on these receptors may account for the far greater lethality elicited by the murine form of TNF-␣ (Brouckaert et al. 1989a) . It is significant that the effects of hTNF-␣ can be augmented by the co-administration of a "sensitizing" agent, so that the effects of this form of the cytokine will be comparable to that elicited by the mTNF-␣. Among other agents, IL-1 was particularly effective in enhancing the effects of hTNF-␣ (Brouckaert et al. 1989b; Everaerdt et al. 1989) . Thus, the possibility ought to be considered that the synergistic effects of hIL-1␤ and hTNF-␣ stem from direct or indirect activation of the p75 receptor, or actions that parallel the consequences of the conjoint activation of the p55 and p75 receptors. If this were the case, then it would be expected that synergistic effects would not be evident using the murine form of TNF-␣, as both receptors will already have been activated.
Central Neurochemical Variations
The neurochemical variations induced by IL-1␤, IL-6, and TNF-␣ were particularly intriguing in light of the suggestion that systemic stressors, such as cytokines, may influence HPA activity primarily via non-limbic mechanisms (Herman and Cullinan 1997) . There have been several reports indicating that cytokine administration influences hypothalamic monoamine activity (Shintani et al. 1993) , most notably within the PVN (Dunn 1988 (Dunn , 1992b . As well, IL-1␤ and TNF-␣ also increased amine activity at some extrahypothalamic sites (Ignatowski and Spengler 1994; Linthorst et al. 1995; Merali et al. 1997; Song et al. 1999 ), but few studies assessed the actions within mesolimbic regions, and none evaluated potential synergistic effects. It is clear from the present investigation, summarized in Table 5 , that IL-1␤ and TNF-␣ influenced monoamine turnover in both limbic and non-limbic sites. Relatively low doses of IL-1␤ elevated MHPG, and 5-HIAA within the PVN, increased NE turnover at the locus coeruleus and central amygdala, 5-HT turnover within the central amygdala and prefrontal cortex, as well as DA utilization within the prefrontal cortex. In contrast, IL-1␤ had scant effects on hippocampal monoaminergic activity, although in vivo studies have indicated that IL-1␤ at higher doses enhanced 5-HT activity (Linthorst et al. 1995; Merali et al. 1997) .
The effects of TNF-␣ were less widespread than those of IL-1␤, and tended to be more variable between experiments. Levels of 5-HT were affected within the PVN and prefrontal cortex, whereas NE levels were reduced within the locus coeruleus and the dorsal hippocampus. Yet, the turnover of NE within the locus coeruleus varied between experiments, being marked in the study examining the conjoint effects of TNF-␣ and IL-6, but absent in the dose response study and in the analysis of the combined effects of IL-1 and TNF-␣. The source for these between-experiment differences is not evident, although it should be recognized that the doses of the human recombinant TNF-␣ employed in the present investigation were relatively modest and hence may have yielded limited effects. Finally, in contrast to IL-1␤, it was observed that IL-6 had minimal effects, although it did increase 5-HT and DA levels within the central amygdala. Commensurate with the findings of Terao et al. (1993) , neither IL-6 nor TNF-␣ significantly altered hypothalamic NE activity. However, the neurochemical effects of TNF-␣ may depend upon the particular hypothalamic nuclei investigated. In fact, TNF-␣ was shown to dose-dependently inhibit electrically stimulated NE release from axon terminals of isolated rat median eminence and may act in a modulatory capacity with respect to CRH release from this site (Elenkov et al. 1992) .
The relationship between the central neurochemical and the corticosterone variations observed in the present investigation remains to be elucidated, and it is uncertain whether the amine changes were responsible for the neuroendocrine variations. Although the locus coeruleus sends only sparse projections to the PVN (Cunningham and Sawchenko 1988) , it may be involved in the mediation of HPA activity (Gann et al. 1977) . A wide range of stressors influence locus coeruleus activity (Abercrombie and Jacobs 1987; Weiss 1991) , and it is conceivable that the HPA alterations induced by the cytokines were related to functional changes at this site. As well, NE within the PVN may contribute to HPA alterations elicited by cytokine challenge (Dunn 1988 (Dunn , 1992b Whitnall 1993) . Furthermore, 5-HT has important regulatory actions on HPA functioning, just as CRH release may influence forebrain 5-HT activity (Dinan 1996; Feldman et al. 1987; Korte et al. 1991) . It is tempting to speculate that the IL-1␤-provoked increase of NE and 5-HT turnover within the PVN, as well as the increased turnover of 5-HT elicited by TNF-␣, may be related to the HPA activation induced by these cytokines.
Although IL-1␤ and TNF-␣ had clear neuroendocrine and central neurochemical effects, and appeared to act synergistically with respect to food consumption and plasma corticosterone levels, there was no evidence of a synergism with respect to central monoamine activity. Clearly, the joint actions of these cytokines on certain aspects of endocrine functioning are not necessarily translated into central monoamine changes. It may be that the cytokine doses in the present investigation were not optimal to provoke synergistic central amine changes, particularly in view of the limited IL-1␤ concentrations that likely reach the brain (Hopkins and Rothwell 1995) . Furthermore, as indicated earlier, analysis of synergism might have been more profitably assessed using a variety of cytokine doses. Indeed, in the present investigation the greatest amine changes were not necessarily elicited by the highest cytokine doses. Furthermore, within the amygdala the elevation of MHPG associated with IL-1␤ were attenuated by the co-administration of IL-6.
Although the source for such an antagonistic effect cannot be determined from the present investigation, the diminished response associated with the combination of treatments may have been related to the nature of the dose response curves associated with the individual cytokines. Alternatively, it is possible that synergistic effects within the brain were limited by strict regulatory processes. For instance, treatment with a second cytokine may have promoted negative feedback effects, actions on autoreceptors, or synthesis of endogenous receptor antagonists (e.g., IL-1ra) which would have acted against the actions of IL-1␤. Finally, in the present study monoamine variations were assessed in postmortem tissues, and it is certainly likely that in vivo determinations of amine release would have provided a better index of the dynamic effects associated with cytokine treatment. In fact, synergistic effects between cytokines and stressors have been detected in vivo (Merali et al. 1997) .
The finding that central monoamine activity was influenced by cytokines is consistent with the view that the immune system and the brain interact, and lends support to the potential psychological effects associated with such treatments (Maier and Watkins 1998) . In this respect, it was shown that behavioral changes (e.g., locomotor activity) may correspond with in vivo amine alterations elicited by cytokines and by endotoxin administration (Linthorst et al. 1995; Linthorst and Reul 1998) .
In addition, such treatments may impact on anxiogenic and anhedonic processes (Borowski et al. 1998; Connor et al. 1998) , both of which are related to depressive illness. Indeed, the finding that IL-1␤ and TNF-␣ influenced consumption of a palatable substance, increased HPA activity, and altered monoamine turnover in brain regions thought to be affected by stressors, is commensurate with the proposition that these cytokines may be related to depressive illness (Maes 1995) . It is significant, as well, that in human trials the use of some cytokines, such as IL-2, have been found to provoke marked psychiatric and cognitive disturbances (Capuron et al. 1998; Caraceni et al. 1992; Denicoff et al. 1987 ) sufficiently severe to require discontinuation of treatment (Meyers and Valentine 1995) . Clearly, a much better understanding of cytokine effects on central neurochemical functioning and on cognitive processes is necessary in order to optimize the efficacy and tolerability of immunotherapy.
